In a previous experiment, we observed that blind Braille readers produce errors when asked to identify on which finger of one hand a light tactile stimulus had occurred. With the present study, we aimed to specify the characteristics of this perceptual error in blind and sighted participants. The experiment confirmed that blind Braille readers mislocalised tactile stimuli more often than sighted controls, and that the localisation errors occurred significantly more often at the right reading hand than at the non-reading hand. Most importantly, we discovered that the reading fingers showed the smallest error frequency, but the highest rate of stimulus attribution. The dissociation of perceiving and locating tactile stimuli in the blind suggests altered tactile information processing. Neuroplasticity, changes in tactile attention mechanisms as well as the idea that blind persons may employ different strategies for tactile exploration and object localisation are discussed as possible explanations for the results obtained. #
Introduction
Braille reading is an impressive example of a specialised perceptual capability of the tactile sense. For Braille-naive persons, distinguishing different Braille characters is very difficult and slow and it takes intensive training to achieve a modest level of reading ability, while highly experienced Braille readers can read up to 200 words per min (Foulke, 1991) . Thus, the question arises as to how the functional specialisation in the tactile modality is achieved. We addressed this issue in a previous experiment by measuring the functional organisation of the hand representations in the primary somatosensory cortex (area 3b), and the tactile perception threshold for passive touch in professional Braille readers (Sterr et al., 1998a,b) . During the assessment of the tactile perception threshold, we observed that some Braille readers tended to attribute tactile stimuli to a non-stimulated finger at the same hand, a phenomenon we called 'tactile mislocalisations'. In this setup, participants were asked to tell on which finger the tactile stimulus, which could occur on either fingertip of one hand, was felt.
With the present experiment, we aimed to further explore the characteristics of this perceptual phenomenon. In particular, we asked whether these localisation errors were equally common on all fingers (distribution of errors), and to which fingers the misperception was attributed, i.e. on which finger the participant perceived the touch when the stimulation had indeed occurred at another finger. Ten non-professional blind Braille readers and ten age-matched Braille-naïve sighted controls were tested using Semmes Á/Weinstein Monofilaments (SWMF). The experiment aimed to answer the following questions (1) can we replicate the finding that tactile mislocalisations occur more often in the blind than in the sighted, (2) are tactile mislocalisations related to Braille reading, i.e. do they occur more often at the reading hand, (3) how are the errors distributed, i.e. are some fingers more often subject to the localisation error than others, and (4) which fingers 'attract' the perception of the stimuli that are not correctly located.
Methods
Ten (five female, five male) blind Braille readers and ten (five female, five male) sighted non-Braille reading control subjects, matched for age and gender, participated in the study. Financial compensation was awarded for participation.
Braille readers were aged 25 Á/56 years (group mean: 44.5 years, mean females 40.2 years, mean males 48.8 years; nine right hand dominant (Edinburgh Handedness Inventory, Oldfield, 1971) . Blindness was due to peripheral damage or disease of the visual system. Nine subjects had been blind or severely visually impaired since birth. If residual vision was present during childhood, the visual capabilities had progressively decreased to full blindness by early adulthood. The tenth subject lost sight at age 30. A detailed description of blind participants is given in Table 1 .
Seven subjects had learned to read Braille in childhood, and three as adults (at ages 30, 26, and 20) . All were fluent Braille readers for at least 4 years prior to testing. The right index finger was identified as the main reading finger, and most subjects (8/10) simultaneously engaged the middle finger in the reading process as a ''guide''. Braille was employed for everyday purposes and used for 0.5 Á/3.5 h/day (participants' retrospective estimation of average reading time).
The control group consisted of ten sighted Braille-naïve matched participants (mean age 44.0 years, range 25Á/53 years; mean females 40.4 years, mean males 47.6 years; nine right-handed). Exclusion criteria comprised (1) playing an instrument and (2) any report of sensitivity disturbance or neurological disorder. We refrained from using sighted Braille readers as a control group, since these persons tend to visually discriminate the dot-pattern instead of tactually reading the language.
Blind subjects were recruited via several institutions for the Blind in the vicinity of San Diego, California, CA and contacted by phone. Suitability for the study was based on the following inclusion criteria: (1) using Braille for everyday purposes, (2) blindness due to peripheral cause, and (3) no neurological damage or illness. A semistructured interview was used to assess the individual reading habit. Control subjects were recruited via advertisements on University notice boards. For blind participants, the informed consent agreement as well as the patient information sheet were read out. The study was approved by the Ethic Committee of the University of California at San Diego.
The sensory testing employed SWMF (Model #16010, Lafayette Instruments Co., Indiana, USA) and comprised (1) the determination of the tactile perception threshold for each finger tip and (2) the localisation task. Participants could not see their hands when tested.
Testing was carried out with the subject's hand resting palm upward on the testing table. Stimulation was applied to the mid-volar surface of the distal phalanges (exact point of stimulation was marked by a little dot) and followed a pseudo-randomised sequence involving all five fingers. The order of left and right hand testing was counterbalanced across subjects. Test instructions were given verbally (to avoid Braille reading in the Blind prior to testing). The tactile perception thresholds consisted of two experimental blocks, each assigned to determine the thresholds for the fingers of one hand. The tactile perception threshold was determined for ascending and descending presentation with six stimulus intensities (log 10 force/g required to bow the monofilament: 0.008, 0.015, 0.036, 0.8, 0.172, 0.217) using the methods of limits. The threshold was defined as the cross-over value for the lowest monofilament strength that could be felt for a particular finger (correctness of named finger was not taken into account). In no instance did the finger-specific thresholds differ more than one monofilament strength.
The localisation task consisted of four trials using consecutive monofilaments, ''(/ 1'' (one stimulus strength below threshold), ''0'' (threshold strength) and '''/1'' and '''/2'' (one and two steps above threshold stimulus strength, respectively). If the cross-over threshold value was between to SWMF intensities, the higher hair was used as threshold strength for the localisation task. Subjects chose the method of specifying the finger that felt most comfortable and natural for them: either naming the finger or referring to them by number 'first'' (thumb)Á/'fifth' (little finger). The monofilaments were applied in decreasing order beginning with monofilament strength '/2 to give subjects practice naming their fingers with a stimulus that was clearly perceivable. This ensured that any errors in identifying the stimulated finger that occurred at or around threshold monofilament strengths were not due to difficulties in naming fingers. For each stimulus strength, a sequence of 25 stimuli was presented to the fingertips following a fixed irregular order. On a response sheet we recorded (1) whether the stimulus was reported ('/, (/), and if reported (2) the finger physically stimulated, and (3) the finger named. For statistical analysis, the raw data obtained with each stimulus strength were collated.
A three way repeated measurement ANOVA model (group factor (blind/control) and repeated measurements factors HAND (right/left) and FINGER (thumb, index, middle-, fourth-, fifth-finger)) was used to determine group differences. The GreenhouseÁ/Geisser algorithm was used to correct for sphericity. P -values displayed refer to corrected values and the epsilon correction factor is provided where appropriate. Further analysis was conducted in those participants who exhibited mislocalisations with respect to the distribution of errors and the attribution of misperceived stimuli.
Results
No significant differences for the tactile perception threshold measure were found between blind Braille readers and sighted controls (F (1,18) B/1). In both groups, the tactile perception thresholds of the left hand fingers were lower than those for the right hand (main effect hand F (1,18) 0/12.1; P B/0.05). Furthermore, in both groups and for both hands, the thumb was found to be less sensitive than the other fingers (main effect finger F (4,72) 0/4.2; P 0/0.02 (GG; o 0/0.059).
In the localisation task, all but one sighted subject localised the tactile stimuli correctly, i.e. if subjects were able to perceive the stimulus, they correctly identified the finger stimulated. This observation applied for right as well as left hand stimulation. In one sighted participant, localisation errors occurred when fingers of the left hand were stimulated while all stimuli presented at the right hand were localised correctly. In contrast to all blind mislocalisers, the sighted subject produced localisation errors at all four consecutive stimulus intensities employed in the task.
In the blind group, three participants were able to correctly localise the tactile stimuli. Seven participants (mislocalisers) made localising errors when fingers of the right hand were stimulated. In no instances were left hand stimuli mislocalised at right-hand locations or vice versa. We further found that 71.4% of the incorrect responses occurred at threshold stimulus intensity only (strength ''0''), and in 28.6% at two consecutive stimulus intensities (strengths ''0'' and strength '''/1''). In all cases, all fingers were named correctly when the ''2'' stimulus intensity was used.
Statistical analysis of the correct responses revealed that the average proportion of correctly localised stimuli was significantly lower for the right hand in the blind than the sighted (main effect group: F (1,18) 0/6.9; P B/0.05; hand )/group interaction: F (1,18) 0/5.6; P B/0.05). This effect is depicted in Fig. 1 . Post-hoc tests further indicated significant differences for the between-group comparison of right-hand responses (blind vs. sighted: t0/(/4.0; P B/0.05), as well as for the within-group comparison in the blind (right vs. left: t0/(/3.2; P B/0.05). No significant effects were found for the different fingers.
Further analysis of the data obtained in the blind 'mislocalisers' revealed that the relative error frequency (depicted in Fig. 2) was not equally distributed across fingers (x 2 (4) 0/15.04; P B/0.05), and that localisation errors were less pronounced at the reading fingers (index and middle finger) than the non-reading fingers (Fisher's r to z : r0/(/0.78; P B/0.05).
Further consideration was given to the attribution of errors, i.e. which finger the participants falsely identified as the stimulated one. We found that index and middle finger most often 'attracted' the mislocalised stimuli, while the attribution to the thumb as well as the forth and fifth finger occurred less often. This observation was mirrored in a significant main effect for the named fingers (one-way ANOVA: F (6,24) 0/3.1; P B/0.05). Bonferroni/Dunn post-hoc analysis revealed significant contrasts for thumb Á/index, thumb Á/middle finger, index Á/fifth finger, and middle Á/ fifth finger. These effects are illustrated in Fig. 3 . Interestingly, the distribution of named fingers is almost the inverse of the distribution of errors.
No systematic variation in the occurrence of mislocalisations was found for age at onset of blindness, age at learning Braille, or average daily reading.
Discussion
Previously, we have observed a dissociation between stimulus perception and stimulus location in blind Braille readers, i.e. blind participants do not always identify the location of tactile stimuli correctly. This is a surprising observation, not only because it contradicts the intuitive expectation of enhanced tactile perception in the blind, but in particular, because the task involved a rather coarse identification of stimulus location, i.e. one of five fingertips of the hand. Apparently, mislocalisations in the blind have not been reported in the literature. Furthermore, our previous experiment only tested whether persons produced mislocalisations or not, but no data was collected on either the frequency of mislocalisations, their distribution across the different fingers, or the attribution of mislocalised stimuli towards other fingers. Therefore, the present experiment aimed to characterise the fundamental features of this perceptual phenomenon. Overall, the results confirm that blind subjects have more difficulty in identifying the finger to which a light tactile stimulus is administered than sighted subjects. We found that in 70% of the blind participants, the touch was clearly felt but not attributed to the actually stimulated finger. To this end, the study confirms our previous finding that the ability to perceive and locate a weak tactile stimulus is often dissociated in the blind. With respect to the sensory threshold, however, we could not confirm our previous finding that sensory thresholds are significantly lower in the blind (Sterr et al., 1998b) . This is despite the fact that identical methods for threshold determination were used in both experiments. The existing literature on tactile thresholds is equally contradictive (Weinstein, 1968; Heinrich and Moorhouse, 1969; Liddle, 1969; Lindblom and Lindströ m, 1976; Warren, 1978; Bernard, 1979; Niemeyer and Starling, 1981; Bross and Borenstein, 1982; Hollins, 1989; Muchnik et al., 1991; Stevens et al., 1996) , and we, therefore, conclude that neither visual deprivation nor Braille reading or the combination of both conditions is coupled with a substantial decrease of tactile perception thresholds.
Further investigation of the localisation errors in the blind revealed that the great majority occurred at the right (reading) hand, and that mislocalisations affected all fingers. However, the reading fingers were found to be less prone to mislocalisations than the non-reading fingers, while, at the same time, the reading fingers attracted most of the misperceived stimuli. Blindness and Braille reading were confounded variables and in principle, both factors could equally account for the group differences. However, the fact that mislocalisations are significantly more common on the reading hand suggests that mislocalisations are related to Braille reading rather than the loss of the visual sense.
Recent research on use-related changes of primary representations provides one possible explanation for the occurrence of mislocalisations. Tactile reading places a much greater demand on the somatosensory and motor areas involved in hand control than under average use conditions. This is reflected in altered representational arrangements in sensory and motor areas of blind Braille readers. For instance, transcranial magnetic stimulation (TMS) studies revealed expanded motor output maps of the first dorsal interosseous and the abductor digiti minimi at the reading hand of blind Braille readers (Pascual-Leone and Torres, 1993a; PascualLeone et al., 1993b) . In our own studies, we found evidence for enlarged hand representations in area 3b of the primary somatosensory cortex in professional blind Braille readers (Sterr et al., 1998a,b) . Such expansion in response to Braille reading seems not to be restricted to the blind but can also be observed in sighted subjects who have practised tactile reading (Rockstroh et al., 2000) . In sum, neuroplasticity studies suggest that the increased sensory input provided by Braille reading changes the neural networks underlying the representations in primary sensorimotor areas. Furthermore, there is initial evidence that tactile mislocalisations may be related to functional reorganisation of primary representations. In our previous experiments we found that three-finger Braille readers who displayed tactile mislocalisations also featured a topographical disarrangement of finger representations in area 3b. These results led to the hypothesis that Braille reading leads to enlarged finger representations with greater overlap of the respective neural networks. Therefore, the ability to locate stimuli correctly is diminished when signal-to-noise is low, and thus errors occur. This idea is further supported by a recent study (Braun et al., 2000) involving high-density EEG recordings. Sighted subjects were trained on a tactile discrimination task, which involved simultaneous stimulation of thumb and little finger, for several weeks. Following the training, digit representations had expanded, and there was evidence for increased overlap of the neural networks forming the digit representations. At the same time, localisation errors were observed in this group. Transient differentiation studies (e.g. Buchner et al., 1995; Biermann et al., 1998) further indicate a much greater connectivity within the hand area than mapping experiments in the awake monkey suggest (Clark et al., 1988; Wang et al., 1995) . In the light of these findings, we propose that Braille reading not only leads to an enlargement of reading finger representations, but, at the same time, strengthens the connections to more distant regions in the hand area by means of Hebbian mechanisms. As a consequence, the neural network activated by a weak tactile stimulus is less circumscribed in the blind than in the sighted, which, under low signal-to-noise conditions, leads to localisation errors. At higher stimulus intensities signal-to-noise ratio increases, and thus the output of the activated network is more precise and no errors are observed. Since the reading-finger representations dominate the hand area in the blind, localisation errors at these fingers occur least often while, at the same time, incorrectly localised stimuli are most often attributed to these fingers.
An alternative explanation involves the idea that stimuli presented at the reading finger automatically attract attention, which in turn leads to an anchorage effect. Anchorage effects describe a characteristic feature of tactile perception in normal controls. For example, stimuli presented to the middle of the volar forearm tend to be localised considerably towards the wrist; and points near the elbow tend to be perceived at the elbow (Pillsbury, 1895; Parrish, 1897) . These displacements, or migrations, have been explained by the idea that the skin is organised into regions of anchorage, which provide frames of reference; attention is always focused on the region in which the stimuli occur, and thus the anchor points. Consequently, stimuli to remoter regions in the frame of reference tend to 'migrate' towards the anchor (Lewy, 1895) . Following this line of argumentation, one could propose that the reading finger in the blind 'automatically' attracts attention when stimuli are presented to the hand, and thus forms the Center of the reference frame. This could explain why, in the present study the least number of localisation, but the highest number of false attributions were observed at the right index and middle finger. The idea that the attentional focus influences tactile perception is further supported by a more recent study in upper-limb amputees (Moore et al., 1999) , which suggests that the increase in sensory acuity in the region close to the stump is to do with greater attentional focusing within this region ('cortical focusing'). Event-related potential data from our own laboratory further indicates that tactile attention mechanisms are greatly enhanced in the blind. Thus, the anchorage model provides a plausible alternative explanation for the distribution of tactile mislocalisations across the hand. But it can not easily explain why mislocalisations occur in the first place.
At first glance, the tactile mislocalisations in the blind may appear as a large-scale error-of-localisation, which again is a typical feature of tactile perception in controls (Boring, 1942, for review) . However, this appears unlikely when one considers the main characteristics of the error-of-localisation phenomenon: (1) it is proportional to the two-point limen, i.e. it varies for different body regions, (2) it is always smaller than the radius of the two-point limen for the given body region, and (3) it decreases when visual imagery is allowed and is smallest for full visual input. For the fingertips the error-of-localisation is 1.1 mm for sighted persons, furthermore the error typically does not spread across a knuckle or to a neighbouring finger (Weber, 1852) . The tactile mislocalisations observed in the present study circumscribed a minimal error distance of at least one centimetre (i.e. when the neighbouring finger was falsely named), and thus are ten times larger than the error-of-localisation known for the fingertips in the sighted. Furthermore, it remains to be explained why the typical proportional relationship with the two-point limen is resolved, and, taking the unilaterality of the mislocalisation phenomenon into account, this only happens for the right hand. Therefore, we would argue that the mislocalisations observed in the present study do not simply represent an enhanced error-of-localisation.
A further issue of consideration relates to the idea that blind persons might employ different strategies, including different detection criteria for tactile exploration and object localisation, than the sighted. For example, one could argue that sighted individuals can afford a more conservative criterion for discriminating tactile stimuli, because vision can be used in case of ambiguous tactile input. Blind individuals on the other hand, have to rely more on somatosensory input (but not exclusively because audition provides an additional source of information) for object location, which may lead to a less strict decision criteria. It appears plausible to assume that strategies, such as the detection criteria, represent higher cognitive operations that are equally relevant for both extremities. Consequently, the strategymodel would predict that mislocalisations are equally likely on both hands. However, the present study revealed a highly significant lateralisation effect, which contradicts the principle assumption of the strategy model. Even though we can not rule out the relevance of changed strategies in the blind as a possible explanation for the occurrence of mislocalisations, it is not exhaustive by itself and further assumptions have to be made in order to fully explain the observations made in the present experiment.
We, therefore, conclude that the neuroplasticity hypothesis discussed above provides the most plausible explanation of the data obtained in the present study. Furthermore, attention mechanisms appear to influence tactile perception, possibly by means of top Á/down processes, which modulate information processing in primary sensory regions. Future experiments will need to combine psychophysical and imaging techniques, in order to specify the relationship between primary cortical representations and attention, and their role in tactile localisation perception.
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